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Inorganic glasses are promising candidates for scintillators because of their compositional
flexibility, low cost, and ease of fabrication. However, their relatively low light yields and
densities compared with those of crystal scintillators have limited their practical use, particularly
for X-ray and y-ray detection. In this study, P,O5—Al,0;—Cs,0-Gd,0;—Ce,0O5 glasses were
prepared by the melt-quenching method under reduced pressure, aiming to enhance both light
yield and effective atomic number (Z,). Ce*" ions act as luminescent centers, whereas Gd** ions
facilitate energy transfer and increase Z,4 Structural, photoluminescence (PL), and scintillation
properties were investigated for glasses with various Ce/Gd molar ratios. Under X-ray excitation,
the synthesized glasses exhibited a broad emission band centered at approximately 350 nm,
attributed to the 5d—4f transition (2F7/2, 5p) of Ce** ions. The highest light yield reached 2100
photons/MeV under '3’Cs-y-ray irradiation. The PL and scintillation decay profiles, as well as
the temperature dependence of the emission spectra, indicate effective energy transfer from
Gd3*" to Ce*' ions. These results demonstrate that Ce*"/Gd** co-doped phosphate glasses are
promising materials for efficient glass scintillators applicable to X-ray and y-ray detection.

1. Introduction

Glass materials are indispensable in a wide range of fields, including construction, medical
devices, electronics, and optics, owing to their compositional flexibility, low cost, and ease of
fabrication.(:?) This intrinsic versatility enables fine-tuning of their physical and chemical
properties and has stimulated increasing interest in using glass as a scintillator material for
radiation detection.® Scintillators are phosphors that promptly convert the energy of ionizing
radiation into low-energy photons, thereby enabling detection and analysis.®¥) They play crucial
roles in medical imaging,>® security screening,(”) resource exploration,® and high-energy
physics.®~!) The performance of scintillation detectors critically depends on their material
properties, and novel scintillators with improved performance are being actively developed. For
X-ray and y-ray detection, scintillators should exhibit high light yield for superior energy
resolution, short decay times to minimize dead time, and a high effective atomic number (Z,) to
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ensure high detection efficiency. Although most commercial scintillators are single crystals,
glass scintillators are relatively uncommon despite their advantages of cost-effectiveness and
compositional tunability. Among the few glass scintillators that have been commercialized, Ce-
doped lithium silicate glass (e.g., GS20) is mainly used for thermal neutron detection.(!?) In
contrast, commercially available glass scintillators specifically designed for X-ray and y-ray
detection are still extremely limited because of their substantially lower light yield and density
than those of conventional inorganic crystal scintillators. A variety of inorganic glass
scintillators have been investigated using host matrices such as aluminoborate, aluminosilicate,
silicate, phosphate, phosphosilicate, fluoride, and chloride glasses doped with emission centers
such as Ce**, Eu**, and TI" ions. For example, Ce-doped SrF,—Al,0;—B,05 (240 photons/
MeV),(13 Ce-doped Al,05-B,05;-Gd,0; (600 photons/MeV),(¥ Ce-doped BaO-SiO,~P,05
(685 photons/MeV),(15) Ce-doped SrO—P,05-Al,05-Gd,0; (1700 photons/MeV),19) Ce-doped
P,05-Al,03-Cs,0 (2500 photons/MeV),(1”) Eu-doped SiO, (407 photons/MeV),® and TI-
doped SiO, (1100 photons/MeV)(?) have been reported as potential candidates. Among these,
Ce-doped phosphate glasses containing Al and Cs exhibit particularly high light yields under
137Cs y-ray irradiation. Notably, these glass systems can incorporate relatively high Ce
concentrations (= 10.7-13.8 mol%; Z,; = 43) without concentration quenching.(120-22) On the
basis of these results, Ce-doped phosphate glass is considered a promising candidate for X-ray
and y-ray detection scintillators. In this study, phosphate-based glasses doped with Ce** ions as
luminescent centers and Gd>* ions as sensitizers were developed to achieve a high-light-yield
glass scintillator for X-ray and y-ray detection. The glass system P,05;—Al,03;—Cs,0-Gd,05—
Ce,05 was synthesized by the melt-quenching method under reduced pressure. P,O5 was
selected as the host matrix because of its low melting point, high thermal stability, excellent
transparency in the UV—visible region, and high solubility for rare-earth ions. Al,O; and Cs,O
were introduced to stabilize the glass network. In phosphate glass networks, aluminum
incorporates into the structure as [AlO4] tetrahedra along with [PO4] units, thereby enhancing
the network connectivity and stability.?® The addition of alkali modifiers such as Cs" disrupts
P—O-P linkages and increases the concentration of nonbridging oxygens, which improves the
structural stability of the glass.?*) Gd** ions were introduced not only to increase the Zyyof the
glass but also to serve as energy donors for Ce** ions. Energy absorbed by Gd** under high-
energy irradiation is expected to be transferred nonradiatively to neighboring Ce** ions,
enhancing the overall scintillation efficiency.?>29 Ce3* ions act as luminescent centers,
exhibiting fast 5d—4f transitions (2F7/2’ 5;7) with decay times of approximately 30 ns and high
light yield, as reported for similar glass systems.(?9-22) In this work, the structural,
photoluminescence (PL), and scintillation properties of P,05—Al,03;—Cs,0—-Gd,03;—Ce,04
glasses with varying Ce/Gd molar ratios were investigated, and the energy transfer mechanism
between Ce3" and Gd** ions was discussed.

2. Experimental Methods
2.1 Sample preparation

P,05—-Al,05;—Cs,0-Gd,03—Ce, 05 glasses were synthesized by the melt-quenching method
under reduced pressure. Figure 1 shows an overview of the synthesis process. Al(PO3); (99%,
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Fig. 1. (Color online) Schematic illustration of the glass synthesis process.

High Purity Chemicals), CsH,PO,4 (99%, Mitsuwa Chemicals), GdCl; (99.9%, High Purity
Chemicals), and CeCl; (99.99%, Sigma-Aldrich) were used as raw materials. The raw materials
were mixed at the molar ratio of 1:1.5:(0.3—x):x (x = 0, 0.05, 0.10, and 0.15), corresponding to
Al(POy);, CsH,PO,4, GACls, and CeCls, respectively. The mixed powders were placed in quartz
ampoules and preheated in air at approximately 200 °C for 30 min in an electric furnace (FT-
01P-150L, FULL-TECH) to remove moisture. Subsequently, the quartz ampoules were
connected to a vacuum pump to reduce the internal pressure. This process was intended to
prevent the oxidation of Ce** to Ce** by maintaining a reducing atmosphere. The materials inside
the ampoules were then melted at approximately 950 °C for 30 min in the electric furnace, which
is above the mixture’s approximate melting point (= 900 °C). To cool the melt to below the glass
transition temperature (7,) and obtain an amorphous structure, the ampoules were quenched in
water for approximately 1 s and then cooled to room temperature in air. Samples with dimensions
of approximately 5—10 mm were selected and polished to achieve optically smooth surfaces for
PL and scintillation measurements. Table 1 summarizes the raw-material-based and oxide-based
compositions of the prepared glasses.

2.2 Measurement

The density of the glasses was measured by the Archimedes method using an
electronic densimeter (DH-300, CgoldenWall JP). X-ray diffraction (XRD) patterns were
recorded to confirm the amorphous nature of the samples using an X-ray diffractometer (Ultima
IV-PXS, Rigaku) with Cu Ko radiation. The elemental composition of the glasses was
determined by X-ray fluorescence (S8 TIGER 1 kW, Bruker), paying particular attention to
halogen volatilization. Photoluminescence excitation (PLE) and emission spectra were measured
using a spectrofluorometer (F-7000, Hitachi) equipped with a xenon lamp as the excitation
source. The absolute PL quantum yields (PLQYs) were measured using a Quantaurus-QY
system (C11347, Hamamatsu Photonics) with a 150 W Xe lamp. Each PLQY value represents the
average of three measurements conducted under identical conditions. PL decay profiles were
measured using a fluorescence lifetime spectrofluorometer (DeltaFlex 3000U-TMK2, Horiba).
Light-emitting diodes with emission wavelengths of 255 nm (NanoLED-250, HORIBA Ltd.),
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Table 1

Raw-material-based and oxide-based compositions of the prepared glasses.

Sample Raw-material-based compositions Oxide-based compositions

Undoped (x = 0) 1A1(PO3)3—-1.5CsP0O3—-0.3GdCl3 52P»05-23A1,03-17Cs,0-7Gd>03
x=0.05 1A1(PO3)3—1.5CsPO3—0.25GdCl13—-0.05CeCl3  52P,05—23A1,03—-17Cs,0-5.8Gd>03-1.2Ce,03
x=0.10 1A1(PO3)3—1.5CsPO3—0.20GdCl13-0.10CeCl;  52P,05-23A1,03-17Cs,0—-4.7Gd,03—2.3Ce,03
x=0.15 1Al(PO3)3—1.5CSPO3—O.15GdC13—0.15C€C13 52P205—23A1203—17CS20—3.5Gd203—3.5C6203

320 nm (NanoLED-320, HORIBA Ltd.), and 265 nm (SpectraLED-265, HORIBA Ltd.) were
used as excitation sources. The pulse durations of NanoLED-250, NanoLED-320, and
SpectraLED-265 were 1.2 ns, 1 ns, and 100 ns—1 ms, respectively. An optical cut-off filter was
employed to remove scattered excitation light. To investigate the temperature dependence of the
PL spectra, measurements were performed in the 10-300 K range using the same instrument as
for the PL decay measurement, combined with a closed-type cryostat for temperature control.
X-ray-induced radioluminescence (XRL) spectra were measured using a QE Pro spectrometer
(Ocean Insight) coupled via an optical fiber. The sample was mounted at the fiber end, which
was positioned at the irradiation port of the X-ray generator (XGD2300-HK, Rigaku) equipped
with a Cu target operated at 40 kV and 4.0 mA. Temperature-dependent XRL spectra were
recorded in the 10-300 K range using the same XRL system with a closed-cycle cryostat. Pulse-
height spectra were measured and compared with the Bi;Ge;0;, (BGO) reference sample (8600
photons/MeV)27) to estimate the scintillation light yield. The spectra were obtained using a
photomultiplier tube (PMT; R7600-200, Hamamatsu Photonics) and 662 keV y-rays from a '3’Cs
source. The sample was optically coupled to the PMT with optical grease (TSF 451-50 M, GE
Toshiba) and wrapped in Teflon tape as a reflector. Signals from the PMT were processed
through a preamplifier (113, Ortec), a shaping amplifier (572, Ortec), and a multichannel
analyzer (MCA; MCAS8000D, Amptek). The light yield of the glasses was estimated by
comparing the channel number of the 662 keV y-ray photoabsorption peak of the '3’Cs source
with that of the BGO standard. Corrections were applied for the PMT quantum efficiency at the
emission wavelength of each sample. Scintillation decay profiles were measured by the delayed
coincidence method®® using the original setup described in our previous report.??) In this
configuration, a 22Na source emitting 511 keV y-rays was used for excitation.

3. Results and Discussion
3.1 Structural and physical properties

Figure 2(a) shows photographs of the synthesized glasses with x = 0.05, 0.10, and 0.15 under
visible light. All samples were transparent and showed no noticeable deliquescence. Figure 2(b)
shows the XRD patterns of the synthesized glasses in the 20 range of 5°-80°. All samples
exhibited a broad halo without distinct diffraction peaks, confirming their amorphous nature.

Table 2 summarizes the densities and effective atomic numbers (Z,4) of the glasses with
various Ce (x) and Gd (0.3—x) molar ratios. The decreases in density and Z,; with decreasing Gd
concentration are attributed to the substitution of Gd (Z = 64) by Ce (Z = 58). This replacement
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Fig.2. (Color online) (a) Photographs under visible light and (b) XRD patterns of the synthesized Al(PO3);—
1.5CsPO3;—(0.3—x)GdCl;—xCeCl; glasses (x = 0.05, 0.10, and 0.15).

Table 2

Densities and effective atomic numbers (Z4) of the synthesized glasses (x = 0.05, 0.10, and 0.15).
Sample Density (g/cm3) Zefy

x=0.05 3.19 449

x=0.10 3.11 44.6

x=0.15 3.05 44.4

lowers the average atomic number, leading to a reduction in Z,4 Furthermore, since Gd has a
higher atomic mass than Ce, decreasing the Gd content also reduces the overall density of the
glass. The densities of the synthesized glasses (3.05-3.19 g/cm?) are higher than that of GS20
(2.5 g/em?), the only glass scintillator currently in practical use for neutron measurement.? In
addition, these values are comparable to those of previously reported glass scintillators(!>-21:31)
and the commercial Nal:TI* crystal (3.67 g/cm?).®? The synthesized glasses also exhibit Z,
(44.4-44.9) exceeding that of GS20 (= 24).09 These values are comparable to those of heavy-
element-containing glass scintillators("> and to that of CeBr; (= 47).3% Because the present
glasses possess densities and effective atomic numbers comparable to those of commercial
scintillators such as Nal:TI" and CeBrs, they are expected to be promising candidates for y-ray
detection, provided that a scalable and reproducible fabrication process can be established. Table
3 presents the elemental compositions of the synthesized glasses, as determined by XRF
analysis. The compositions of AI(POs); and CsPOs were calculated from the elemental
concentrations obtained by XRF, assuming complete oxidation. Notably, the fabricated glasses
were nearly free of chlorine (Cl), which is attributed to CI volatilization under high-temperature
and reduced-pressure conditions during melting under vacuum.

3.2 PL properties

Figure 3(a) shows the PLE spectra monitored at 310 nm and the PL spectra monitored at 220
and 270 nm for undoped Al(PO3);—1.5CsPO;—0.3GdCl; glass. The PLE spectra exhibit excitation
bands in the 220-250 nm range and at approximately 270 nm, corresponding to the optical
transitions from #S, to 6D1/2’ o2 and from 33, to I; of Gd** ions.?6-343%) Upon excitation at
220 and 270 nm, a distinct emission peak at approximately 310 nm was observed, which is
attributed to the ®P;, — 83, transition of Gd*" ions®436) Figure 3(b) presents the PLE and PL
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Elemental compositions of the synthesized glasses (x = 0, 0.05, 0.10, and 0.15).

Element composition (wt%)
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Fig. 3.  (Color online) (a) PLE (4,,, = 310 nm) and PL (4,, = 220 and 270 nm) spectra of the undoped Al(PO3);—
1.5CsPO3;-0.3GdCl; glass. (b) PLE (4., = 350 nm) and PL (4,, = 270 nm) spectra of the synthesized
Al(PO3);—1.5CsPO3;—(0.3—x)GdCl;—xCeCl; glasses (x = 0.05, 0.10, and 0.15).

spectra of the Ce-doped Al(PO;);—1.5CsPO;—(0.3—x)GdCl;—xCeCl; glasses with x = 0.05, 0.10,
and 0.15. The glasses exhibit a broad excitation band between 220 and 320 nm, assigned to the 4f
(2F5/2’ 2n) — 5d transition of Ce3" ions. PL spectra were recorded under 270 nm excitation,
which corresponds to the 3S;, — I, transition region of Gd*" ions. The Ce-doped glasses show
a broad emission band centered at around 350 nm, attributed to the 5d — 4f transition (2F7/2, 5),
the characteristic of Ce*" emission.?>-2¢-37-38) Notably, the 310 nm emission from Gd>" ions
observed in the undoped glass disappeared in the Ce-doped samples. This phenomenon has been
reported in various Ce/Gd-co-doped glasses and crystals.(26-36:39-41) Figures 3(a) and 3(b) also
reveal the overlap between the Gd3" emission and Ce3" excitation bands, indicating the presence
of energy transfer from Gd>* to Ce** ions (Férster mechanism) or reabsorption.

Figure 4(a) shows the PLQYs of the synthesized glasses (x = 0.05, 0.10, and 0.15) under 290
nm. The PLQYs reached maximum at an excitation wavelength of 290 nm. In addition, they
remained almost constant within the 290-310 nm excitation range, with a fluctuation of less than
+5%. The average PLQYs were 84.5, 84.9, and 90%, respectively. These high values are
comparable to those of previously reported Ce3"-doped glass scintillators with high light yields,
such as Al(PO;);—CsPO;—CeBr; glass (91.5%),(!) Al(PO;);—CsPO;—CsBr—CeBr; glass
(92.7%),#? and Ce-doped MgF,~Al,05-B,0; glass (80-100%).43 Even at the high Ce**
concentration of 5.4 mol% (x = 0.15), no concentration quenching was observed, and the high
quantum yields were maintained. These results indicate that this glass effectively suppresses
quenching processes, including concentration quenching due to the aggregation of luminescent
centers,*¥ thermal quenching,*>*) and energy transfer to Ce*" ions.#”) Figures 4(b) and 4(c)
present the PL decay profiles of the undoped and Ce-doped glasses (x = 0.05, 0.10, and 0.15). To
identify whether energy transfer or reabsorption occurs, the PL decay profiles for the 310 nm
emission of Gd3" were recorded under 265 nm excitation with varying Ce concentrations. For
the undoped glass, the decay curve was well fitted by a single-exponential function, giving a
decay constant 7 of 5.66 ms, consistent with the *P+/2 — 8S-/x transition of Gd** ions.?) In the Ce-
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Fig. 4. (Color online) (a) PLQYs of the synthesized Al(PO;);—1.5CsPO;—(0.3—x)GdCl;—xCeCl; glasses (x = 0.05,
0.10, and 0.15) under 290 nm excitation, (b) PL decay profiles of the synthesized Al(POs3);—1.5CsPO;—(0.3—x)GdCl5;—
xCeCl; glasses (x = 0.05, 0.10, and 0.15) recorded under 265 nm excitation and 310 nm emission, (c) PL decay
profiles of the synthesized Al(PO3);—1.5CsPO3;—(0.3—x)GdCl;—xCeCl; glasses (x = 0.05, 0.10, and 0.15) recorded
under 320 nm excitation and 350 nm emission, (d) temperature dependence of the PL emission spectra of the
synthesized Al(PO5);-1.5CsPO;—(0.3-x)GdCl;—xCeCls glass (x = 0.15) upon excitation of Gd*" ions at 255 nm, (e)
temperature dependence of the integrated intensity of the PL emission spectra of the same glass under excitation of
Gd3* ions at 255 nm, and (f) schematic illustration of the Gd3**—Gd3" energy migration and Gd3>*—Ce3" energy-
transfer mechanisms in the synthesized glass.

doped samples, the decay profiles were fitted by a double-exponential function, revealing two
components: a slow one (z; = 3.1-2.2 ms) and a fast one (z, = 0.225-0.200 ms), as summarized in
Table 4. The slow component (1) can be attributed to the 4f—4f transition of Gd** ions. With
increasing Ce concentration, the Gd3" luminescence decayed more rapidly, confirming
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Table 4
Estimated PL decay constants of the synthesized glasses under 265 nm excitation and monitoring Gd*" emission at
310 nm.

PL decay constant

Sample

71 (ms) 73 (ms)
Undoped 5.66 N/A
x=0.05 3.10 0.207
x=0.10 3.05 0.225
x=0.15 2.23 0.200

quenching. This behavior is attributed to energy transfer from Gd>* to Ce3" ions, consistent with
the disappearance of Gd*' emission and the spectral overlap between the Gd** emission and
Ce3" excitation bands. Such mechanisms have been reported in Ce**-doped GdPsOs
metaphosphate,®? Gd,(Si0,4)0:Ce,*!) Ce**-doped phosphate glasses,?®) and Ce3'-doped
gadolinium oxyfluoroborate glasses.?®) In the Ce-doped glasses, a resonance energy transfer
from Gd** to Ce** is expected to occur. Therefore, the fast component (z2) is likely associated
with the Gd** — Ce** energy transfer. This interpretation is consistent with the rapid decay of
Gd** luminescence observed with increasing Ce concentration. Figure 4(c) shows the PL decay
profiles of the Ce>" emission at 350 nm under 320 nm excitation for the glasses with x = 0.05,
0.10, and 0.15. The initial rapid decay observed immediately after excitation is attributed to the
instrument response function. All decay curves were well fitted by a single-exponential
function, giving decay constants 7 = 27-29 ns (Table 5). The decay times remained nearly
constant irrespective of Ce concentration, indicating negligible concentration quenching,
consistent with the PLQY results. These lifetimes agree with previously reported values for Ce-
doped phosphate glasses®?#® and correspond to the 5d — 4f transition (*F,_ 5,,) of Ce** ions.
Figure 4(d) shows the PL spectra of the x = 0.15 glass under 255 nm excitation in the Gd3*
absorption region at 25-300 K. A broad Ce*" emission band peaking at = 350 nm was observed
at all temperatures. As the temperature increased to 300 K, the integrated PL intensity gradually
increased without evidence of thermal quenching [Fig. 4(e)]. This enhancement is attributed to
the phonon-assisted population of higher-energy Gd>" excited states, particularly °Ps,, which
promotes energy migration among Gd>* ions through increased overlap between Gd3" emission
and Ce3* excitation bands, thereby enhancing Gd** — Ce** energy transfer. These observations
are consistent with previous reports that phonon-assisted processes play a crucial role in Gd*/
Ce** co-doped systems.“? A schematic illustration of the Gd**~Gd*" and Gd**—Ce*" energy-
transfer mechanisms in the synthesized glasses is presented in Fig. 4(f).

3.3 Scintillation properties

Figure 5 shows the XRL spectra of the synthesized Al(PO;);—1.5CsPO;—(0.3—x)GdCl;—
xCeClj; glasses with x = 0.05, 0.10, and 0.15. The fabricated glasses exhibit broad emission bands
in the 320-400 nm range with a maximum at 350 nm, which are attributed to the optical
transition from the 5d lowest excited state to the 4f (*F;;, 5,) ground states of Ce®" ions.
(22,26.37.38) Notably, the emission peak wavelength and spectral shape of the synthesized glasses
remain unchanged with varying Ce*" concentrations. Furthermore, as in the PL spectra, no
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Table 5
Estimated PL decay constants of the synthesized glasses under 320 nm excitation and monitoring Ce*" emission at
350 nm.

PL decay constant

Sample
P 7 (ns)

x=0.05 273
x=0.10 273
x=0.15 28.6
3 B _
8 £ —x=0.05 —x=10.10 —x=0.15
Ez
2%

E
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‘Wavelength (nm) ‘Wavelength (nm) Wavelength (nm)

Fig. 5. (Color online) XRL spectra of the synthesized Al(PO3);—1.5CsPOz;—(0.3—x)GdCl;—xCeCl; glasses (x =
0.05, 0.10, and 0.15).

emission from Gd>' ions was detected under X-ray excitation, indicating efficient energy
transfer from Gd** to Ce** ions. The emission wavelength of Ce-doped borosilicate and silica
glass systems is typically around 430 nm.2%4% In contrast, the synthesized phosphate-based
glasses developed in this study show an emission peak at approximately 350 nm, consistent with
previously reported phosphate glass systems. This emission wavelength also falls within the
optimal sensitivity range of PMTs, making the material well suited to scintillation applications.
Figure 6(a) shows the XRL spectra of the x = 0.15 glass measured in the temperature range of
25-300 K. Broad Ce>" emission bands peaking at 350 nm were observed at all temperatures. As
shown in Fig. 6(b), the integrated intensity of the XRL spectra gradually increased with
temperature up to 300 K, a trend consistent with the PL results. This temperature-dependent
enhancement is attributed to the phonon-assisted population of higher-energy excited states of
Gd>" ions, particularly the °Ps, level. Although the increase in XRL intensity is smaller (~25%)
than that observed in the PL spectra, it remains significant. Under radiation excitation, additional
energy transfer channels likely contribute to the temperature dependence, including Ce**—Ce?**
energy transfer,*? transfer from self-trapped excitons (STEs) to Ce**,('2 and transfer from
trap sites to Ce**,®® in addition to the primary Gd** — Ce** transfer pathway. Figure 7 shows the
scintillation decay profiles of the synthesized AI(PO5);—1.5CsPO;—(0.3—x)GdCl;—xCeCl; glasses
with x = 0.05, 0.10, and 0.15. The decay curves were fitted using a sum of three exponential
components, and the estimated decay constants are summarized in Table 6. The initial fast
component observed immediately after the rise is attributed to the instrumental response
function (IRF). The first decay component (z;, faster component) ranged from 32 to 37 ns and
corresponds to the 5d — 4f transition (°Fy,_ 52) of Ce** ions.?24®) Compared with the PL decay
constants shown in Fig. 4(c), the scintillation decay constant ©1 was slightly longer, which can be
attributed to energy transfer from Gd** to Ce* ions. The second component (z2, slower
component) ranged from 133 to 207 ns and is considered to originate from the relatively slow
energy transfer from the glass host to Ce** ions, consistent with previous reports on Ce-doped
glass scintillators.(20-22:54) Figure 8 presents the pulse-height spectra under 13’Cs y-ray irradiation
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Fig. 6. (Color online) (a) Temperature dependence of the XRL spectra of the synthesized Al(PO3);—1.5CsPOs—
(0.3—x)GdCl;—~xCeCl; glass (x = 0.15) and (b) temperature dependence of the integrated intensity of the XRL spectra
of the same glass.
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Fig. 7. (Color online) Scintillation decay profiles of Fig. 8. (Color online) Pulse-height spectra under
the synthesized Al(PO3);—1.5CsPO3;—(0.3—x)GdCl;— 137Cs y-ray-irradiation for the synthesized Al(POs);—
xCeCl; glasses (x = 0.05, 0.10, and 0.15). 1.5CsPO;3;—(0.3—x)GdCl;—xCeCl; glasses (x = 0.05,

0.10, and 0.15) and the BGO reference.

Table 6
Estimated scintillation decay constants of the synthesized Al(PO3)3;—1.5CsPO3—(0.3—x)GdCl3—xCeCls glasses (x =
0.05, 0.10, and 0.15).

Scintillation decay constant

Sample

71 (ms) 77 (ms) IRF (ns)
x=0.15 37 (69%) 207 (2%) 9.6 (28%)
x=0.10 33 (71%) 155 (4%) 6.3 (25%)
x=0.05 32 (76%) 133 (7%) 4.27 (16%)

for the synthesized glasses and a BGO reference sample. All fabricated samples exhibited
a photoelectric peak corresponding to the full-energy absorption of the 662 keV y-ray from the
137Cs source. The channel positions of these peaks were determined by fitting the peak profiles
with a Gaussian function. The light yield for each sample was calculated using Eq. (1).

Channelsample % QE”ef
Channel,,  OF,, .

Light Yield

sample

=Light Yield, , x (1)

Here, “Channel” denotes the channel number of the photoabsorption peak for the 662 keV y-ray,
and “QFE” represents the quantum efficiency of the photomultiplier tube used in the
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Table 7

Light yields of various glass scintillators.

Sample Light yield (photons/MeV)
Al(PO3)3—1.5CsP0O3—0.15GdCl3—-0.15CeCl; (this study) 2100
Si0,—LiF-Al;03-GdBr3—CeBr; 3200 (Ref. 56)
Ce-doped SiO,—Al1,03-BaF,-Gd;,03 2100 (Ref. 57)
Ce-doped BaF;-A1,03-B,03 1800 (Ref. 58)
Ce-doped SI’O—P205—A1203—Gd203 1700 (Ref. 59)
P2057Li207GdI37A12037C&2C037C€Br3 1600 (Ref. 26)
Ce-doped SiO,-B,03-A1,03—-Gd,03 910 (Ref. 60)
Ce-doped Al,03-B,03-Gd,03 600 (Ref. 14)

measurement. The samples with x = 0.05, 0.10, and 0.15 exhibited photoabsorption peaks at 252,
292, and 440 channels, respectively, while the BGO reference showed a peak at 1265 channels.
The QFE values were dependent on the emission peak wavelength of each material: the
synthesized glasses exhibited a 350 nm emission peak with QF = 0.35, while the BGO emitted at
480 nm with a QF = 0.25. An increase in Ce concentration led to a corresponding increase in
light yield, reaching 1200, 1400, and 2100 photons/MeV for x = 0.05, 0.10, and 0.15, respectively.
An increase in Ce concentration led to a corresponding increase in light yield, reaching 1200,
1400, and 2100 photons/MeV for x = 0.05, 0.10, and 0.15, respectively. Although the PLQY
remained nearly constant, the increase in light yield can be attributed to the enhanced overall
energy transfer efficiency at higher Ce concentrations. In this concentration range, both the host-
to-Ce and Gd—Ce energy transfer pathways become more efficient, thereby increasing the
probability that the absorbed energy is ultimately released as radiative emission from Ce3* ions.
This trend is considered to originate from the comparable concentrations of Ce and Gd ions in
the glass matrix, which facilitates efficient energy migration toward Ce**. In contrast, the energy
resolutions of the synthesized glasses with x = 0.05, 0.10, and 0.15 were 26, 25, and 19%,
respectively. Compared with previously developed Ce-doped phosphate glass scintillators—such
as Ce-doped Al(PO;);—CsPO; glass!'”) and Ce-doped AI(POs;);—Sr(POs),~CsPO; glass,??
which demonstrated energy resolutions of approximately 15%—the glasses synthesized in this
study exhibit significantly poorer resolution (26%). This degradation is likely due to the presence
of an escape peak originating from the Gd Ka line (42.7 keV). Such escape events appear as low-
energy shoulders or asymmetric tails in the spectra, broadening the photoabsorption peak and
thus degrading the energy resolution.53) Table 7 summarizes the light yields of various Ce-
doped glass scintillators. Compared with previously reported glass scintillators, the light yield
achieved in this study can be regarded as moderate.

4. Conclusions

P,05-Al,05—Cs,0-Gd,03—Ce,05 glasses were successfully synthesized by the melt-
quenching method under reduced pressure. PL and scintillation properties were investigated,
with particular emphasis on the energy-transfer mechanism between Gd** and Ce** ions. The
Ce-doped glasses exhibited a broad emission band centered at ~350 nm, attributed to the 5d —
4f transition (*Fy/_5/,) of Ce>" ions, whereas the ~310 nm Gd** emission observed in the undoped
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glass was quenched upon Ce** incorporation. PL decay measurements further supported this
mechanism, showing shortened Gd** decay times with increasing Ce** concentration, indicative
of Gd** — Ce* energy transfer. Temperature-dependent PL. and XRL spectra showed an
increase in luminescence intensity with increasing temperature. This enhancement is attributed
to the phonon-assisted population of higher °P excited states of Gd** ions, which improves
spectral overlap with the Ce** excitation bands and facilitates more efficient energy transfer.
The optimal composition was identified as x = 0.15 (Ce/Gd molar ratio = 1.0), yielding a
maximum light yield of 2100 photons/MeV and an energy resolution of 19% under '*’Cs y-ray
irradiation. These results demonstrate the successful development of a highly luminescent
phosphate-glass scintillator based on efficient Gd** — Ce** energy transfer. Overall, the P,Os—
Al,03-Cs,0-Gd,03—Ce,05 system offers a promising pathway toward high-performance
inorganic glass scintillators for X-ray and y-ray detection.
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